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Abstract. Wc report the results of an experiment investigating coherence and 
correlation effects in a system of coupled donors. Two donors are strongly coupled 
to two leads in a parallel configuration within a nano-wire field effect transistor. 
By applying a magnetic field we observe interference between two donor-induced 
Kondo channels, which depends on the Aharonov-Bohm phase picked up by 
electrons traversing the structure. This results in a non-monotonic conductance as 
a function of magnetic field and clearly demonstrates that donors can be coupled 
through a many-body state in a coherent manner. We present a model which 
shows good qualitative agreement with our data. The presented results add 
to the general understanding of interference effects in a donor-based correlated 
system which may allow to create artificial lattices that exhibit exotic many-body 
excitations. 
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1. Introduction 

Many physical effects in modern solid state physics are a manifestation of quantum 
interference and therefore rely on the preservation of coherence of quantum states. 
Quantum dots embedded in an Aharonov-Bohm ring are ideal for studying coherent 
effects in solid state nano-structures [3 121 13] ■ Shallow dopants in silicon have recently 
gained much interest because of their extremely long spin coherence times [4] and 
the reproducible confining potential [5j [6]. For the same reasons that make them 
interesting for quantum device applications, single dopants are ideal to act as a flexible 
model system to investigate fundamental open problems in correlated systems in the 
solid state [7J |S] . Here we study a system of two dopants which are coherently coupled 
in an Aharonov-Bohm ring configuration using transport spectroscopy. We observe 
a peculiar type of Kondo effect mediating the interactions in the Coulomb-blockade 
regime of this system. 

The system studied here consists of two arsenic donors in a field effect transistor 
that are coupled to leads in a parallel configuration. This geometry allows for the 
tuning of the phase acquired by electrons as they traverse the structure. Changing 
the net magnetic flux threading the loop enclosed by the two current paths changes the 
acquired phase through the Aharonov-Bohm (AB) effect. In a previous publication 
we have shown that this device exhibits phase-coherent transport in the sequential 
tunneling regime, evidenced by the presence of a Fano resonance [5]. Here, new data 
of the same device in the Kondo regime is presented and it is shown that the Kondo 
effect can be coherently modulated. 

By studying the magnetic-field dependence of the Kondo transport, we link the 
phase modulation to the AB ring arrangement of the donors. In a broader context, 
this system allows to study the rich behavior of occurrences of universal physical 
phenomena such as the Kondo effect [TO], the Aharonov-Bohm effect [TJJ and the 
Fano effect [T2] in a mesoscopic system. 

2. Single donor transport 

Single dopant transport spectroscopy has proven to be a very powerful tool to study 
properties of dopants in nano-structures, e.g. [T31 HH [TSl HH H7J . Here we use three- 
dimensional field effect transistors (FinFETs) with dopants embedded in the channel 
of the device as a platform for our experiments fT3"l [TBI H] • The device investigated 
here consists of two coupled dopants that dominate the sub-threshold transport. All 
presented data has been obtained from a device which has a channel height of 60 
nm, a gate length of 60 nm and channel width of 60 nm. Even though the channel 
is nominally only doped with boron, we occasionally find arsenic donors that have 
diffused into the p-type channel, see Figure [Jj This allows us to perform transport 
spectroscopy on few-donor systems at temperatures < 4 K |13| . 

We measure the DC differential conductance G = dl/dV^ as a function of 
magnetic field, B, gate voltage Vg and source/drain bias, V^j, see Figure [Tjb. The 
hallmarks of single donor transport are a large charging energy and odd/even spin 
filling of the donors [13]; both have been observed in the device presented here. We 
perform all measurements at 0.3 K and Vgj = 50 /zV except when explicitly mentioned 
otherwise. 
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Figure 1. To study single donor transport a three-dimensional FinFET device is 
used, a) Colored blue, the gate, wrapped around the channel (green), is shown. 
The device is fabricated on top of silicon dioxide (orange), b) In the channel 
region, below the gate, two arsenic donors (labeled Di and D2) are coupled to 
the source (s) and drain (d) contacts in an Aharonov-Bohm ring arrangement, 
c) resulting in a Fano resonance in the sequential tunneling regime, denoted by 
the arrow. A magnetic field, B, is applied which induces a magnetic flux piercing 
through the loop enclosed by the current paths. Voltages are applied to source, 
Vs, and gate, Vg, while the drain current, 1^, is measured. 

3. Aharanov-Bohm effect in the Kondo regime 

In the Coulomb-blockade region, where both donors are occupied by a single electron, 
we observe considerable zero-bias conductance. This is unlikely due to thermal effects, 
since the charging energy of the donors is large compared to the thermal energy fcgT 
at the experimental temperature, i.e. U/2kj^T rs 500. Zero-bias conductance is one of 
the characteristics of the spin- 1/2 Kondo effect in single donors [7] and quantum dots 
[101119) . To confirm this we investigate the temperature and magnetic field dependence 
of the conductance at a gate voltage of Vg = 485 mV and Vg = 490 mV respectively, 
see Figure and c. For the Kondo effect in quantum dots the conductance increases 
logarithmically as the temperature is < Tj^ and saturates at a zero-temperature 
maximum as the temperature <C 2j£, where Tj^ is the Kondo temperature. Figure 
[2)3 shows a fit to the temperature dependent data of a phenomenological formula 
|20j which describes this behavior. The Kondo temperature resulting from the fit is 
Xj^=(12 ± 5) K, a value that justifies that we use an effective zero-temperature model 
to analyze the conductance later on. Figure[2j: shows a plot of the measured differential 
conductance as a function of source/drain bias voltage and magnetic field. Since the 
transport processes in the Kondo regime involve spin-flip tunneling transitions, a gap 
~ 2<7^igB wide (with g = 2 for silicon), centered at zero bias, is expected to open 
[TUJ [2Tj . This is indeed what we observe in the data, see Figure |2j:. At the same gate 
voltage (Vg = 490 mV) we plot the Kondo conductance as a function of magnetic field 
and show that the Kondo effect is quenched as the magnetic field increases, see the 
corresponding trace in Figure [2^. This has been recognized as one of the hallmarks of 
a Kondo effect in similar systems |10j . 

There is, however, a discrepancy between our data and a simple spin-Kondo effect, 
which we believe is due to the magnetic field dependence of the phase which is carried 
by electrons and tuned through the Aharonov-Bohm effect. Figure [2^, shows that the 
zero-bias conductance unexpectedly increases with increasing field and subsequently 
decreases again, exhibiting a maximum at B ~ 7.7 T. We find that this effect persists 
throughout the Coulomb-blockade region and the position of the maximum is almost 




Figure 2. The Kondo conductance is measured in the Coulomb-blockade 
region at several gate voltages as a function of magnetic field, temperature and 
source/drain bias voltage, a) At ~ 6 T a clear upturn of the conductance as the 
magnetic field increases is visible. This is attributed to constructive interference of 
Kondo channels induced through both dopants, see also the discussion in Section 
4. b) The temperature dependence of the Kondo conductance at Vg = 485 mV. 
A fit of a semi-empirical spin-1/2 Kondo model for T < 5 K has been performed, 
with the scaling parameter left free (red line) |20] , This fit results in a Kondo 
temperature of 12 K and scaling parameter 0.23 ± 0.1, consistent with a spin-1/2 
Kondo effect, c) The Kondo conductance as a function of magnetic field and 
source/drain bias voltage at Vg = 490 mV. A zero-bias gap, characteristic for the 
Kondo effect, opens when a magnetic field is applied. 



independent of gate voltage. Because the donors are arranged in a ring structure this 
upturn may be explained by an interference effect that depends on the acquired AB 
phase during tunneling. To further investigate this idea we first present an analysis 
of the current in the sequential tunneling regime. We then develop a simple model 
which describes the dependence of Kondo conductance on the magnetic field. 



4. Results and discussion 



Since the two donors present in the channel of our device are coupled in an AB-ring 
configuration, see Figure [TJj, the transport phase acquired by electrons traversing the 
structure contains a flux-dependent part [TJ 122) in addition to the geometric phase. 
This mechanism allows to tune the symmetry of the Fano resonance that is a result of 
the interference between sequential transport channels induced by the two donors in 
the device. To extract the tunnel coupling as well as the detuning of the donor levels 
we fit our data to an extended version of the model that was used in the analysis 
presented in [9 ; . The improved fitting formula is derived using a non-interacting 
scattering approximation, see Figure ^jp. 
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4-1- Sequential transport in relation to the Kondo effect 

This model treats both donor levels in a symmetric way and allows the resulting 
resonances to be either symmetric (Lorentzian) or asymmetric (Fano) |23) . Figure 
|3|d shows that the resonance around Vg « 530 mV stays symmetric over the entire 
magnetic field range up to 10 Tesla. The narrower resonance at Vg ps 513 mV, on the 
other hand, changes significantly. This behavior is consistent with an AB phase that is 
tuned by the magnetic flux piercing the loop enclosing the two donor-induced current 
paths. We cannot obtain the AB phase directly from the fit, because the shape of 
the Fano resonance is influenced by the effect of the thermal occupation of the leads 
at our finite experimental temperature [22 . Instead, wc use the periodic change of 
the Fano line shape to determine the period of the AB oscillations. This results in an 
AB period of ~6.5 T. In addition, we extract the tunnel coupling of both donors as 
0.5 ± 0.1 mV and 5.2 ± 0.5 mV. 



AB phase [n] 




Magnetic field [T] Gate Voltage [mV] 

Figure 3. The conductance in the Kondo and sequential tunneling data has been 
modeled, see main text, a) A plot of the calculated Kondo conductance (Eq. [TJ 
as a function of magnetic field shows the non-monotonic behavior, very similar 
to the data in Figure |2^i. On the top axis the AB phase using a period of 6.5 T 
is given, b) By fitting a non-interacting formula for the sequential conductance 
to the gate voltage traces at each magnetic field [23], we extract the coupling of 
the donors to the source and drain contacts and the period of the AB oscillations. 
The inset shows an enlargement of the Fano resonance at Vg RJ 513 mV. 

Next, we turn back to the data in the Coulomb-blockade region shown in Figure 
[2^,. The data show a change in the conductance as a function of magnetic field, 
very similar to conventional AB oscillations in mesoscopic systems [U El] , the main 
difference being that the magnitude decreases with magnetic field. In the conventional 
AB effect, the interference alternates between constructive and destructive as the field 
is swept, depending on the magnetic field dependent phase picked up as electrons 
traverse the circumference of the loop. In our experiment, however, the continuum 
conduction paths are formed by spin Kondo channels in both arms. This explains 
why the amplitude of the oscillation decreases with magnetic field since the spin 
Kondo effect is quenched [TO]. Another mechanism that can potentially enhance the 
conductance in the Kondo regime at finite field, is the crossing of spin singlet and 
triplet states at finite magnetic field .25]. The latter possibility can be excluded since 
this would also be visible as a kink in shift of the Coulomb-blockade peaks [30] which 
we do not observe for the magnetic field range covered in our experiment. 



Non-local coupling of two donor-bound electrons in silicon 



4-2. Interfering Kondo channels 

Taking a phcnomcnological approach, we obtain an analytical expression for the Kondo 
conductance using a scattering formalism. Assuming that both donors are fully in the 
Kondo regime, the Kondo temperature does not change over the magnetic field range 
probed and the inter-donor Coulomb interaction is negligible, an expression for the 
magnetic-field dependent conductance can be derived. The assumption of vanishing 
inter-donor Coulomb interaction is supported by the analysis of low temperature 
transport measurements that are not presented here. Therefore the zero-field Kondo 
effect can be modeled as a single resonance at the Fermi energy at zero temperature, 
i.e. T <C Tj£ as can be seen in Figure J2Jd. The latter assumption is confirmed by slave 
boson mean field calculations for parameters similar to the experimental conditions 
[2"T] . The effect of the magnetic field is incorporated through the AB phase picked 
up during tunneling and a shift of the resonance away from the Fermi energy by the 
Zeeman energy [5TJ [55] ■ The magnetic field dependent conductance is then given by: 



rj + rj + 2r!r 2 cos(^) 

' T\ + T 2 . + A| + 2f if 2 cos 2 (0/2) + f 2 f 2 sin 4 (0/2)/A| ' 



aw = g(b = o) „— , :^^:;^^.. 4 ,,^,^ (i) 



with Az = g/i-QB, Ti.2 the tunnel coupling of the donors to the leads and <f> — 
2-kB I B the AB phase where -B^B * ^-5 T is the AB period. The tunnel coupling 
I\2 represents an effective tunnel coupling for the coherent higher order tunneling 
processes associated with the Kondo effect. They are different from the "bare" tunnel 
coupling in that they take the interaction effects into account, as is customary in the 
framework of slave boson mean field approaches [55JI2Z]- Figure [3^, shows a plot of the 
calculated zero-bias conductance (Eq. [I]) as a function of magnetic field. In the limit 
where Ti = T 2 and Az — > e, with e the detuning of the level with respect to the Fermi 
energy and zero Zeeman shift, this expression is identical to the expression obtained 
by Lopez et al. [29]. Using parameters similar to the ones in the experiment [30 , 
we obtain a curve that is qualitatively the same as the Kondo data in Figure [2^,. At 
low magnetic field the conductance is less strongly quenched in the experimental data 
as compare to the theory. This can be understood by the fact that the shift of the 
Kondo resonances away from zero bias is not smaller than twice the Zeeman splitting 
at low field [28]. Therefore we conclude that the conductance enhancement at ~ 7.7 
T can be explained as the constructive interference of Kondo channels mediated by 
two donors. 



4-3. Phase coherence 

The modulation of the Kondo conductance by the magnetic field through the 
Aharonov-Bohm effect is a clear experimental proof that the phase is preserved in this 
system. Our experiment shows that the Aharonov-Bohm effect persists, even though 
the phase is carried by a many-body Kondo state in each arm. The role of the Kondo 
effect is to provide coherent transport channels even though sequential transport is 
completely blocked due to Coulomb blockade. Since the presence of the AB oscillations 
are a consequence of the many-body Kondo states being delocalized over both arms 
into the contacts, there could be a spin-spin interaction present in that region and 
induce correlations between localized spins [3TJ [351 [33J . An interesting open question 
is whether these kind of interactions are useful in the context of the development of a 
scalable quantum computer architecture. 
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Recently demonstrated placement of single donor atoms with atomic precision 
should allow to fabricated lattices of dopants jTBl GH]. Using a gate, each donor 
atom can be tuned such that it holds a single electron at low temperature. Such a 
structure can for example be used to study the formation of exotic collective spin 
states at low temperature [33 ES] ■ This work demonstrates the tunable properties of 
coupled donors and suggests that they can be used to build a testbed system to study 
correlation effects. 

5. Conclusion 

In conclusion, we present experimental data of an Aharonov-Bohm effect for two 
donors in a ring-shaped geometry in the regime where transport is mediated by a 
donor- induced Kondo effect. The Aharonov-Bohm phase is carried by the many-body 
Kondo states in both arms of the interferometer. This observation is consistent with 
the phase modulation observed in the sequential transport regime of the same device. 
A phenomenological model for the Kondo conductance versus magnetic field confirms 
this by reproducing qualitatively the same trend of the conductance versus magnetic 
field as the data. These results contribute to the understanding of a system in which 
the advantageous properties of single donors can be used utilized to create a testbed 
system to study correlation effects in artificial lattices. 
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